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Two-level systems (TLS) in amorphous materials currently limit coherence times of a number of
solid-state quantum devices. Interactions between TLS become prominent below 100 mK, but the
coupling mechanism and statistical properties are still unclear. Here we determine the homogeneous
linewidth of ytterbium ions (Yb3+) in silica glass at 10–80 mK by using photon echo techniques as a
probe of TLS. First, the homogeneous linewidth can be reduced by applying a magnetic field of 0.3
T. This effect is due to reduced magnetic interactions between adjacent Yb3+ and between Yb3+
and nuclear spins of 29Si. Secondly, we observe saturation of the linewidth below 50 mK to a level
of ∼30 kHz, which is much larger than the lifetime-limited value of 0.2 kHz, in contradiction to the
model for independent TLS. We explain this effect by a model of coherently coupled TLS pairs.
DOI:
Two-level systems (TLS) or tunneling systems are sin-
gle or groups of atoms in amorphous materials which
can tunnel between two nearly degenerate configurations
through a potential barrier. The concept of TLS as well
as the probability distributions of parameters has suc-
cessfully explained most of the low-temperature proper-
ties of amorphous materials since it was first conjectured
in 1972 [1, 2] (referred to as the standard TLS model).
Presence of TLS in quantum devices causes excess noise
and therefore deteriorates their performance [3]. Exam-
ples are that TLS currently limit coherence times of su-
perconducting quantum bits [4] and rare-earth-doped op-
tical fibers as quantum memories [5, 6]. Hence, in-depth
understanding of TLS is key for solving these issues.
Despite the success in general, the standard TLS model
fails at temperatures below 100 mK. Significant discrep-
ancies have been reported for a number of properties of
amorphous materials such as sound velocity [7, 8], in-
ternal friction [9–11], and dielectric constant [12]. These
experiments appear to indicate that TLS can no longer be
treated independently as in the standard TLS model. In-
teraction between TLS is introduced to explain increased
1/f noise of a superconducting resonator [13]. Single cou-
pled TLS pairs have been observed in a Josephson junc-
tion [14], but the coupling mechanism possibly due to
either electric dipole interaction or strain-mediated elas-
tic interaction is an open question and the probability
distribution is still unclear.
In this Letter, we study the homogeneous linewidth
ΓH of trivalent rare-earth ions ytterbium (Yb
3+) in sil-
ica glass as a probe of TLS. We find that the linewidth
can be reduced by applying a magnetic field of 0.3 T and
the remaining linewidth saturates with decreasing tem-
perature T . The field-induced linewidth reduction is due
to reduced magnetic interactions between adjacent Yb3+
and between Yb3+ and nuclear spins in the host mate-
rial. We attribute the saturation effect to the interaction
between TLS which becomes prominent at low temper-
atures when phonon scattering is reduced. To this end,
we calculate the density of states of coupled TLS pairs
and show that this model leads to saturation of ΓH(T ).
Our results are unique compared with previous studies
[15–18], in that (i) the silica glass that is grown using
low pressure chemical vapor deposition is of ultra-high
purity and quality; (ii) most of the natural abundances
of silicon (95.3%) and oxygen (99.8%) isotopes have zero
nuclear spins; (iii) the isotope 174Yb with zero nuclear
spin is selected in an implanter prior to the implantation
into the glass; (iv) the peak doping concentration (10
ppm atom number) is two orders of magnitude lower than
typical rare-earth-doped materials. These features indi-
cate a benchmark study with well controlled impurities,
nuclear spins, and mutual interactions, which provides
insights into TLS beyond the standard TLS model.
The Yb3+-doped silica glass is part of the cladding
material of a silicon nitride ring resonator. This device
has been extensively studied for the Purcell effect [19].
Detailed description and characterization of the device,
which will be only briefly summarized here, can be found
therein. An energy level diagram of Yb3+ is shown in
Fig. 1(a). We focus on the optical transitions centered at
976 nm which involve the lowest level of the ground state
(2F7/2) and the lowest level of the excited state (
2F5/2).
These levels are doubly degenerate at zero magnetic field.
Under a magnetic field, each level splits into two Zeeman
levels. Figure 1(b) illustrates a schematic of the device
and the measurement scheme. Laser pulses at 976.0 nm
are launched into a waveguide and subsequently coupled
to the ring resonator. The Yb3+ in the ring resonator are
excited and the fluorescence is coupled out through the
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FIG. 1. (a) Energy level diagram (not to scale) of Yb3+ in
silica glass with the relevant transitions indicated by arrows.
For simplicity only the Zeeman splittings of the two lowest
levels are drawn. (b) Schematic of an Yb3+-doped ring res-
onator and measurement scheme. The ring resonator is cou-
pled to two waveguides. Laser pulses are launched in one of
the waveguides. Photon echo signals are measured through
the same waveguide. (c) Laser pulse sequence for two-pulse
photon echo measurements. Two pulses are separated by a
delay time t12. An idle time t0 that is comparable to energy
relaxation times ensures sufficient population in the ground
state for the next excitation cycle.
same waveguide. The center of the Yb3+ distribution is
72 nm to the interface between silica and silicon nitride
and therefore the measured homogeneous linewidth may
be slightly different from that in a bulk medium, but this
does not change the conclusion of this work.
The homogeneous linewidth of Yb3+ is measured by
using two-pulse photon echo techniques. The laser pulse
sequence is displayed in Fig. 1(c). Two pulses with dura-
tions of t1 = 60 ns and t2 = 120 ns, respectively, are sepa-
rated by a delay time t12. They are repeated with an idle
time t0 in between and photon echo signals are averaged.
The peak power of the laser pulses is first calibrated at
10 mK and at zero magnetic field with t12 = 0.5 µs and
t0 = 5 ms. The measured data are shown in Fig. 2(a). A
function I = I1 exp(−γE) sin2(αE) is fitted to the data,
where I1 is a maximum intensity, γ is a decay rate, E
is the peak electric field strength of the laser pulses, and
α = dt1/2~ with d being the transition dipole moment
and ~ being the reduced Planck constant. The exponen-
tial decay is due to inhomogeneous dephasing of the ions
with a spectral distribution given by the linewidth of the
laser pulses. A maximum intensity is reached when the
two consecutive laser pulses perform π/2 and π opera-
tions for the ions, respectively. The corresponding laser
power setting is used in the rest of this Letter.
At 0.3 T, the Zeeman splittings of the ground and ex-
cited states are much greater than the laser linewidth.
Because the upper Zeeman level of the ground state typ-
ically has much longer lifetime than the excited state [20],
upon continuous strong excitation from the lower Zeeman
level to the excited state, almost all the population will
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FIG. 2. (a) Two-pulse photon echo intensity at 10 mK and at
zero magnetic field as a function of laser field strength showing
an intensity maximum. The fit model is a sinusoidal function
with an amplitude of exponential decay. (b) Two-pulse pho-
ton echo intensity at 10 mK and at 0.3 T as a function of idle
time t0 showing a saturation behavior. The fit model is based
on population analysis of a three-level system.
end up in the upper Zeeman level resulting in a depleted
lower Zeeman level. Since the ions are repetitively ex-
cited, partial depletion occurs if t0 is short compared to
the lifetime T1 of the upper Zeeman level.
The measured photon echo intensity at 0.3 T as a func-
tion of t0 is shown in Fig. 2(b). It increases with increas-
ing t0 and exhibits a saturation behavior. We model this
process using population analysis of a three-level system
and assume that an equilibrium is reached for a large
number of pulses. In this case the intensity is given by
I =
1− exp(−t0/T1)
1− (1 − η/2) exp(−t0/T1)I2, (1)
where η is an excitation coefficient and I2 is the satura-
tion intensity. Because the measured echo intensity has
not completely saturated, the fit yields large errors for
the parameters. We are only able to determine the value
of T1 to be on the order of 1 s. In what follows, we use
t0 = 0.3 s at 0.3 T and t0 = 5 ms at zero magnetic field.
The Yb3+ with long lifetimes in their Zeeman levels are
therefore excluded from the measurements at 0.3 T. The
measured homogeneous linewidth may be slightly differ-
ent from the averaged value of all the ions, but this does
not change the conclusion of this work.
For fixed t0, the echo intensity decays with extended
t12 due to homogeneous decoherence of the ions. Hence
the time constant of this decay is a measure of homoge-
neous linewidth ΓH. The measured echo intensities at 10
mK and at zero and 0.3 T as a function of t12 are shown
in Fig. 3. They are well described by exponential func-
tions in the form of I = I3 exp(−4πΓHt12) with I3 and
ΓH being fitting parameters. The extracted values of ΓH
are 51± 3 and 30± 2 kHz at zero and 0.3 T, respectively.
An important contribution to the observed linewidth
reduction is the magnetic dipole-dipole interactions be-
tween Yb3+ and between Yb3+ and nuclear spins of 29Si
(+1/2, 4.7% natural abundance) as depicted in the inset
of Fig. 3. They are unrelated to TLS and similar effects
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FIG. 3. Measured two-pulse photon echo intensities at 10 mK
as a function of delay time t12 at zero (circles) and 0.3 T (dots)
magnetic fields. The data are well described by exponential
functions and are normalized by the values of the exponential
functions at zero delay times. Inset: dipole-dipole interactions
between two Yb3+ (top) and between an Yb3+ and a 29Si
nucleus (bottom) under a magnetic field B. gI (gN) is the g-
factor of Yb3+ (29Si nuclei) and µB (µN) is the Bohr (nuclear)
magneton. The values of gI are different for different ions due
to different local environments.
are also observed in crystals [21]. Flip-flop of the mag-
netic dipoles causes dephasing which can be suppressed
by applying a magnetic field due to energy mismatch (dif-
ferent Zeeman splittings) between different dipoles.
As a general theory, the homogeneous linewidth ΓHA of
a magnetic dipole A due to the dipole-dipole interaction
with a large number of magnetic dipoles B with random
angle and position distributions can be written as [22]
ΓHA = (4
√
3/27)(µ0/~)mAmBnB, (2)
where µ0 is the vacuum permeability, mA and mB are
the matrix elements of the magnetic moments of dipole A
and B, respectively, and nB is the concentration of dipole
B. Adopting Eq. (2) in our system, for the interaction
between Yb3+, the homogeneous linewidth reads
ΓH1 = (
√
3/54)(µ0/~)|g1 − g2|g1µ2Bn1, (3)
where g1 and g2 are the g-factors of the ground and ex-
cited states of Yb3+, respectively, µB is the Bohr mag-
neton, and n1 = 3.3 × 1023 m−3 is the concentration of
Yb3+. The values of g1 and g2 depend on the local atomic
configurations of individual Yb3+ and in amorphous ma-
terials are expected to span the entire range of various
crystal sites for their crystalline counterparts. As a good
approximation, we estimate the values of g1 and g2 to be
3.3 and 0.7, respectively, by using the experimental data
of Yb3+ in CaF2 [23] and averaging the values for seven
different crystal symmetries along three directions. We
obtain that ΓH1 = 95 kHz which is on the same order of
magnitude as the measured homogeneous linewidth and
field-induced linewidth reduction.
For the interaction between Yb3+ and nuclear spins of
29Si, Eq. (2) reads
ΓH2 = (
√
3/54)(µ0/~)|g1 − g2|gNµBµNn1, (4)
where gN is the g-factor of the nuclear spin of
29Si, µN
is the nuclear magneton, and n1 = 1.03 × 1027 m−3 is
the concentration of 29Si. We obtain that ΓH2 = 54 kHz
which is on the same order of magnitude as ΓH1. How-
ever, the value of ΓH2 only set the upper bound of the
homogeneous linewidth due to nuclear spins because the
neighboring nuclear spins of 29Si are locked to the central
Yb3+ (the frozen core effect [24]).
The interaction between Yb3+ is almost completely
suppressed under a magnetic field of 0.3 T because Yb3+
ions are frozen to their lower Zeeman levels with a
large ratio of the Zeeman energy to the thermal energy
(g1µBB/kBT ≈ 67, where kB is the Boltzmann constant
and T = 10 mK). On the other hand, the suppression of
the interaction between Yb3+ and nuclear spins of 29Si is
much weaker because gNµNB/kBT ≈ 0.01. Nevertheless,
the neighboring nuclear spins with a stronger influence
on the Yb3+ flip slower than distant nuclear spins with a
weaker influence resulting in non-exponential echo decay
traces. Previous experiments have shown that the echo
decay traces merely due to the interaction with nuclear
spins follow a universal expression of exp
[−(4πΓHt12)2.4]
for ruby and erbium ions in different crystals with differ-
ent concentrations [25]. In our experiment, the measured
echo decay traces as shown in Fig. 3 which are well de-
scribed by exponential functions exclude the interaction
with nuclear spins as a major part in the value of ΓH.
Another model has been proposed for the linewidth
reduction, in which TLS acquire a magnetic-dipole char-
acter through the coupling to rare-earth ions [16, 26].
A magnetic field creates an energy difference between
the two potential wells. As a result, TLS is more fa-
vorable to remain in one well than the other such that
the tunneling rate is reduced. In the present work, it is
not possible to distinguish different models. Neverthe-
less, the thermal energy is much less than the Zeeman
splittings of Yb3+ and therefore all the dephasing mech-
anisms related to magnetic dipoles of Yb3+ should in
principle be suppressed. Moreover, we also observe a re-
duced spectral diffusion rate by using three-pulse photon
echo techniques. Those results are presented in Supple-
mental Material.
Instantaneous spectral diffusion, as a unique issue for
the photon echo techniques, may also potentially cause
additional line broadening [27]. The second laser pulse in
the photon echo sequence excites Yb3+ and alters their
magnetic moments through the different g-factors of the
4ground and excited states. This process changes the mag-
netic interactions between Yb3+ after the second laser
pulse and thus can not be refocused by the photon echo
techniques. Based on Eq. (2), the homogeneous linewidth
due to instantaneous spectral diffusion is given by [27]
ΓH3 = (
√
3/108)(µ0/~)(g1 − g2)2µ2Bn3, (5)
where n3 is the concentration of Yb
3+ that are excited
by the second laser pulse. Here n3 is much smaller than
total concentration n1 due to an extremely large ratio of
the inhomogeneous linewidth of Yb3+ ΓIH (1.1 THz [19])
to the spectral bandwidth of the second laser pulse ∆νL
(∼3.7 MHz, transform-limited) such that
n3 = n1∆νL/ΓIH = 1.1× 1018 m−3. (6)
We obtain that ΓH3 = 0.13 Hz, a negligible contribution
to the measured ΓH. Eventually, based on the above anal-
ysis, we conclude that the measured ΓH is predominantly
due to the interaction with TLS.
The values of ΓH at various temperatures at zero and
0.3 T are summarized in Fig. 4. The linewidth reduction
of 20–40 kHz occurs in the entire range of 10–80 mK. The
linewidth decreases with decreasing temperature and sat-
urates below 50 mK. The laser is the only possible heat
source for the device. We verify the linewidth at differ-
ent mean laser powers from 0.2 pW to 11 pW and obtain
consistent results, which rules out heating effects induced
by the laser as a possible reason for the observed satu-
ration behavior (see Supplemental Material for detailed
experimental parameters). The fact that the saturation
value is much greater than the lifetime-limited value of
0.2 kHz contradicts the standard TLS model which pre-
dicts a power law of T 1.3 down to arbitrarily low temper-
atures [28, 29]. Weak temperature dependence of homo-
geneous linewidth has been reported for other rare-earth
ions in glass at zero [15, 17] and 1.3 T [17], but hitherto
no explanation has been proposed. In the following, we
show that this phenomenon could be explained by inter-
actions between TLS.
In the standard TLS model, a TLS is described by the
energy difference ǫ between the two uncoupled potential
wells and the coupling energy ∆ [1, 2]. The probability
distribution function of independent TLS is
P (ǫ,∆) = P0/∆, (7)
where P0 is a constant. The density of states is ρ(E) ∝
E0.3, where E =
√
ǫ2 +∆2 is the energy of the TLS.
This density of states leads to ΓH(T ) ∝ T 1.3 by using
Eµ → T 1+µ which relates ρ(E) to ΓH(T ) [28].
A. L. Burin and Yu. Kagan have theoretically studied
coupling between two TLS through electrostatic inter-
actions [30]. They demonstrate that coherently coupled
TLS pairs form at sufficiently low temperatures when
phonon scattering is weaker than the coupling strength
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FIG. 4. Homogenous linewidth of Yb3+ extracted from the
two-pulse photon echo measurements as a function of temper-
ature at zero (circles) and 0.3 T (dots), respectively. The error
bars represent 95% confidence intervals (two standard devia-
tions). The solid line follows the standard TLS model adopted
from Ref. [19], using the homogeneous linewidth above 80 mK.
within the pairs. Mathematically, a coupled TLS pair is
equivalent to a single TLS with parameters ǫ′ = ǫ1 − ǫ2
and ∆′ = (U0/r312)∆1∆2/2ǫ1ǫ2, where ǫ1, ǫ2, ∆1, and
∆2 are the parameters of the two uncoupled TLS, r12 is
the distance between the two TLS, and U0 is a function
of deformation potential, mass density, and sound veloc-
ity c. TLS pairs have a drastically different distribution
function compared with independent TLS:
P ′(ǫ′,∆′) =
P ′0kBTδ(ǫ
′)
∆′2
Θ(∆′ − U0(kBT/~c)3), (8)
where P ′0 = π
3P 20U0/12, δ(x) is the Dirac delta function,
and Θ(x) is the Heaviside step function. Here we have
added δ(ǫ′) to the original form of Eq. (8) in Ref. [30] for
resonant coupling between the two TLS, i.e., ǫ′ = 0. The
density of states of TLS pairs is calculated in the same
way as the standard TLS model [2]:
ρ′(E′) =
∂
∂E′
(∫ ∞
−∞
dǫ′
∫ √E′2−ǫ′2
∆′
min
d∆′ P ′(ǫ′,∆′)
)
= P ′0kBTE
′−2, (9)
where ∆′min is the minimum coupling strength that over-
comes phonon scattering and E′ =
√
ǫ′2 +∆′2 is the en-
ergy of the pair. Equation (9) leads to a temperature-
independent ΓH, because temperature T cancels out ac-
cording to Eµ → T 1+µ with µ = −2. Therefore this
model leads to a saturation of ΓH(T ) from T
1.3 to a con-
stant with decreasing temperature, in qualitative agree-
ment with our experimental observations.
In conclusion, we have investigated the homogeneous
linewidth of Yb3+ in silica glass down to 10 mK by us-
5ing photon echo techniques. After the magnetic inter-
action between Yb3+ ions is suppressed by applying a
magnetic field of 0.3 T, the homogeneous linewidth un-
dergoes a transition from a T 1.3 dependence towards a
constant value of ∼30 kHz with decreasing temperature.
Through quantitative analysis, we exclude the interac-
tion with nuclear spins, instantaneous spectral diffusion,
and heating effects as possible reasons for the saturation
behavior and conclude that the interaction with TLS is
the dominant line broadening mechanism. We show the-
oretically that the saturation behavior can be explained
by emerging coherently coupled TLS pairs when phonon
scattering is reduced below the coupling strength within
the pairs. Coupling between TLS and the resulting den-
sity of states may have strong implications for quantum
devices operating at ultra-low temperatures.
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